Microstructure characterizations of 9Cr-oxide dispersion strengthened (ODS) steels were carried out after high-temperature thermal aging to reproduce the anomalous microstructure change that occurred in the BOR-60 irradiation test ® formation of abnormally coarse and irregular precipitates a few tens of micrometers in size. The 750°C thermal aging for 8,000 h produced the precipitate growth in normalized-and-tempered (NTed) 9Cr-ODS steels, however, the largest precipitates were only a few micrometers. The furnace-cooling (FC) heat treatment produced the matrix structure change from tempered martensite to ¡-ferrite, but the precipitate size after the thermal aging was in the same level as that in the NTed 9Cr-ODS steel. In the case of NTed defective 9Cr-ODS steel containing metallic Cr inclusions, coarse and irregular precipitates were formed nearby metallic Cr inclusions after the 750°C thermal aging for 8,000 h. In the case of FCed defective 9Cr-ODS steel containing metallic Cr inclusions, the 750°C thermal aging for 8,000 h produced the pronounced growth of coarse and irregular precipitates, which was equivalent to the anomalous microstructure change in the BOR-60 irradiation test. Based on the analyses using energy dispersive X-ray spectrometry (EDX) and electron backscattered pattern (EBSP), coarse and irregular precipitates were identified as M23C6.
Introduction
9Cr-oxide dispersion strengthened tempered martensitic steels (9Cr-ODS steels) are recognized as an advanced heatresistant alloy that can be used for advanced type fission reactors, fusion reactors and high-efficiency fossil power plants since they have adequate creep rupture strength and good microstructure stability at high temperature. The Japan Atomic Energy Agency (JAEA) has been developing 9Cr-ODS steels for the long-life fuel cladding tubes of advanced type fast breeder reactors. 1, 2) There are two types of production processes for ODS steels: the pre-alloy process and the pre-mix process. The former uses pre-alloyed powder and oxide powder (Y 2 O 3 ) as raw material powders. The high-purity pre-alloy powder is often produced by Ar gas atomization process of vacuum melt alloy. The latter type process uses the elemental powder (Fe, Cr, C, W, Ti) and oxide powder (Y 2 O 3 ) as raw material powders. In both process types, the raw material powders are mechanically alloyed (MAed) using an attritor mill. The MAed powder is consolidated by thermo-mechanical processing, such as hot extrusion, hot isostatic pressing (HIP) or hot pressing. The pre-mix process has an advantage over the pre-alloy process of reduced raw material cost. However, this process needs high-level quality control to prevent occurrence of microstructure heterogeneity. The pre-alloy process can produce a more homogeneous material than the pre-mix process since it uses the previously homogenized alloy powder as one of the raw material powders.
The neutron irradiation test of pre-mix process 9Cr-ODS steel cladding tube having a tempered martensite matrix was previously carried out in the Russian experimental fast reactor BOR-60. 3, 4) In this irradiation test, coarse and irregular precipitates were formed in the high-temperature region of the cladding tube. 3, 4) This microstructure change was quite anomalous, and had never been reported before in research studies on irradiation and thermal responses of ferritic steels including ODS steels. An investigation to determine the cause of this anomalous microstructure change was previously carried out, and the 9Cr-ODS steel tube used for the BOR-60 irradiation test was found to contain metallic Cr inclusions. The cause was determined to be the combined effects of the heterogeneity of the matrix Cr composition (presence of metallic Cr inclusions) and the high-temperature environment in the BOR-60 irradiation test. 3, 4) In this study, the high-temperature thermal aging tests of pre-mix process 9Cr-ODS steels were carried out to reproduce the anomalous microstructure change that occurred in the BOR-60 irradiation test specimens. The mechanism producing this microstructure change was discussed. Table 1 shows the chemical analysis results of ODS steels used in this study: the standard 9Cr-ODS steels and the defective 9Cr-ODS steels containing metallic Cr inclusions. These steels were manufactured by the pre-mix process. A mixture of elemental powder and Y 2 O 3 powder was MAed using an attritor ball mill with the rotation speed of 220 rpm (rotations per minute) in high-purity Ar atmosphere (99.9999 mass%Ar). The MAed power was classified by size; the MAed powder having no particles larger than 125 µm was used as the standard powder for the post-process. Then, the defective powder ® a mixture of standard powder and 5 mass% metallic Cr powder) ® was prepared. The metallic Cr powder used in this study was granular, with an approximate average size of 100 µm. The standard powder and the defective powder were individually put into steel capsules and degassed at 400°C in vacuum (0.1 Pa), then consolidated by the hot extrusion process at 1150°C. Two types of final heat treatment were adopted for the hotextruded bars: normalizing-and tempering (NT: 1050°C © 1 h, Air-cooling ) 800°C © 1 h, Air-cooling) and furnacecooling (FC: 1050°C © 1 h ) furnace cooling). The aim in adopting two types of final heat treatment was to be able to study the effect of matrix structure on precipitation behavior under high-temperature thermal aging. On the basis of the continuous cooling transformation diagram of 9Cr-ODS steel, 5) the slow cooling rate, i.e., 70°C/h, was adopted in the FC heat treatment to produce ¡-ferrite instead of martensite. The FC heat treatment therefore produces ¡-ferrite matrix while the NT heat treatment yields tempered martensite matrix. The reason why the authors noticed the effect on the matrix structure is because the grain boundary character and grain size of 9Cr-ODS steels noticeably change according to the thermal history at a high temperature exceeding the Ac1 point, even for a short period of time. These changes might have had an effect on precipitation behavior in the BOR-60 irradiation test specimens. As shown in Table 1 , specimens were designated in terms of powder type and final heat treatment: the designations ST-NT and ST-FC mean the ODS steels produced with the standard powder and finished by the NT heat treatment and the FC heat treatment, respectively; CR-NT and CR-FC mean the ODS steels produced with the defect powder containing metallic Cr inclusions and finished by the NT heat treatment and the FC heat treatment, respectively.
Experimental Procedure
The round ODS steel bars manufactured in this study were thermally aged at 750°C for 8,000 h after being sealed into quartz tubes under a vacuum (0.1 Pa). Then, their transverse sections were mechanically polished and finished using colloidal silica. Microstructure observations and semiquantitative chemical analyses were conducted using scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX) with an accelerating voltage of 20 keV. The instruments used for SEM and EDX were the Hitachi-S3400N and EDAX-Apollo-X, respectively. Electron backscattered pattern (EBSP) measurements were carried out with a mapping pitch of 0.1 µm using an orientation imaging microscope (OIM) produced by TSL Solutions, LLC. The accelerating voltage was 20 keV. The specimen surface was finished by vibration polishing with colloidal silica prior to the EBSP measurement. The EBSP data were analyzed with the general purpose software TSL OIM-Analysis 5. The pixels which did not have a confidence index (CI) value larger than 0.1 were rejected due to low reliability and were not used in the post-analysis process. Most of the rejected pixels were on grain boundaries. All of the rejected pixels were replaced by neighbor pixels which had CI values higher than 0.1 by means of a cleanup command.
Results and Discussions
3.1 Anomalous microstructure change of 9Cr-ODS steel in BOR-60 irradiation test Figure 1 shows the secondary electron (SE) image of coarse and irregular precipitates formed in the pre-mix process 9Cr-ODS steel cladding tube after neutron irradiation in the BOR-60 irradiation test, which is reported in Refs. 3) and 4). The histogram of precipitate size distribution was evaluated by image thresholding in this study. The irradiation temperature of the observed area was planned to be 670°C; however, the SUS316 temperature monitor indicated that the actual irradiation temperature exceeded 700°C and might have reached the highest temperature of 770°C for a certain period of time.
3) Irradiation period and neutron dose were 13,570 h and 26 dpa, respectively. 3, 4) The largest size of the coarse and irregular precipitates was roughly 40 µm at first glance; however, the magnified view revealed that the coarse and irregular precipitates were actually aggregates consisting of relatively small precipitates. The image analysis indicated that the largest equivalent diameter was 22 µm as seen in Fig. 1(d) . In all cases, the coarse and irregular precipitates were much larger than the normal precipitate size for this class of steels. The semi-quantitative chemical analysis using WDX indicated that composition of the coarse and irregular precipitate is 51 at%Cr19Fe4W26C. 4) Table 2 summarizes the crystallographic and compositional data of the precipitates containing Cr and W (Mo) in Fe-based alloy.
69)
The composition of the coarse and irregular precipitates approximately agreed with that of M23C6. The multicomponent phase diagram for the Fe9 mass%Cr0.13C 2W0.2Ti system 4) indicates that the stable precipitates containing Cr and W are also M23C6 at 700800°C. From these, the coarse and irregular precipitates formed in BOR-60 irradiation test were identified as M23C6. 4) 
SEM/EDX analysis of thermally-aged ODS steels
This study carried out the thermal aging test of pre-mix process 9Cr-ODS steels at 750°C for 8,000 h. Figure 2 and Table 3 indicate the backscattered electron (BSE) images and EDX analysis results of ST-NT before and after the thermal aging. The EDX analysis results showed that Cr and W concentrations in the whitish granular precipitates (spots 2 and 3) were higher than those in the matrix. It should be noted that, in the case of the as-NTed condition, the precipitate size (spot 2) was smaller than the EDX analysis area (a few micrometers). Thus, in this case, the EDX analysis area covered not only the precipitate but also the matrix. The Cr and W concentrations of the EDX spot 2 multiplied by 3 approximately agreed with that of M23C6 ( Table 2) . After the thermal aging, the whitish granular precipitate (spot 2) coarsened, however its size was only a few micrometers (spot 3) as seen in Fig. 2(b) . The EDX analysis results indicated that the composition of the whitish granular precipitate (spot 3) approximately agreed with that of M23C6 ( Table 2) . These results indicated that M23C6 precipitates of submicrometer scale formed in ST-NT, and their size reached a few micrometers by 750°C thermal aging for 8,000 h. Figure 3 and Table 3 provide the BSE images and EDX analysis results of ST-FC before and after the thermal aging. In this case, whitish string-like precipitates were observed. The Cr and W concentrations of EDX spots 2 and 4 multiplied by 2 approximately agreed with those of M23C6 ( Table 2 ). Considering that the EDX analysis results (spots 2 and 4) contained the composition data of not only precipitates but also the matrix due to the precipitate size being smaller than the EDX spot size, the whitish string-like precipitates were considered to be M23C6. M7C3 pseudo hexagonal 6) a = 0.69280.6963 6) c = 0.45410.4511 6) 38Fe53Cr0.6Mo8.2CSi, Mn, Cu in a high Cr white cast iron* Table 3 show the BSE images and EDX analysis results of CR-NT before and after the thermal aging. EDX analysis data of spot 2 indicated that a high Cr concentration area was formed near the metallic Cr inclusion. The coarse and irregular precipitates analogous to those in the BOR-60 irradiation test were observed in the thermally-aged microstructure. The composition of the precipitate (spot 3) approximately coincided with that of M23C6. Figure 5 and Table 3 shows the BSE views and EDX analysis results of CR-FC before and after the thermal aging. The coarse and irregular precipitates were observed in the microstructure after the thermal aging. The composition of the precipitate (spot 3) approximately coincided with that of M23C6. The metallic Cr inclusions were seen to be shrinking due to interdiffusion with the matrix. This interdiffusion led to the anomalous microstructure change. On the other hand, no trace of shrinking metallic Cr inclusions was observed in the thermally-aged microstructure of CR-NT. Figure 6 shows the histograms of equivalent diameters of precipitates evaluated by image thresholding. As seen in Figs. 6(a) and 6(b), the thermal aging resulted in precipitate size growth to only a few micrometers at the most in the standard 9Cr-ODS steels. It should be noted that, in defective ODS steels containing metallic Cr inclusions, precipitate coarsening was noticeably enhanced. The precipitate size in CR-FC was larger than that in CR-NT, and it was equivalent to that of the anomalous microstructure seen in the BOR-60 irradiation test (Fig. 1 ). Figure 7 shows the grain boundaries maps of standard 9Cr-ODS steels and defective ODS steels in the as-fabricated state. The FC heat treatment provided matrix grain growth in ST-FC while it did not in CR-FC. The FC heat treatment consists of two step processes: the heating process for producing the ferrite (¡) to austenite (£) reverse phase transformation, and the following cooling process with the cooling rate slow enough to produce the £ to ¡ phase transformation. These phase transformations generally enhance matrix grain growth. 5) However, the matrix grain growth did not occur in CR-FC. This would be because the metallic Cr provides the surrounding matrix with a high concentration of Cr (ferrite-forming element), thus suppressing the phase transformations. Figure 8 shows the phase map of the coarse and irregular precipitate formed near a metallic Cr inclusion in CR-FC after the thermal aging. The crystallographic data of the precipitate used for the analysis are shown in Table 2 . The crystal structure of ferrite used for the analysis was body- centered cubic (bcc) and the lattice parameter was 0.286 nm. The phase map was produced on the basis of the Kikuchi pattern using the software TSL OIM-Analysis 5. The data with CI values larger than 0.1 were used in the analysis. The coarse and irregular precipitate was clearly mapped as M23C6 as seen in Fig. 8 . Figure 9 indicates examples of the Kikuchi patterns from the coarse and irregular precipitate and matrix. The Kikuchi pattern from the coarse and irregular precipitate was satisfactorily indexed as M23C6 with the bands of (220), (111) and (200) planes, which are the principle diffraction planes in face-centered cubic (fcc) crystal. Among these crystal planes, the (220) and (200) planes also formed the band in the bcc crystal while the (111) plane did not in the bcc crystal due to the extinction rule. This Kikuchi pattern indicated the band of the (211) plane, which should not be formed in the fcc crystal. This was because the atomic numbers of the elements composing the precipitate ® Fe, Cr, W, C ® covered a wide range of values. These constituting elements therefore had a wide range of atomic scattering factors leading to the incomplete cancellation of the (211) band. On the other hand, the Kikuchi pattern from the matrix was satisfactorily indexed as ferrite with the bands of (110), (200) and (211) planes, which are the principle diffraction planes in the bcc crystal. Among these crystal planes, the (200) plane formed the band in the fcc crystal while the (110) and (211) planes did not in the fcc crystal due to the extinction rule. Indexing of the Kikuchi pattern from the coarse and irregular precipitate was tried using the crystallographic data of · (bct), M7C3 (pseudohexagonal), Laves (hexagonal) and » (bcc); however, their CI values were smaller than 0.1 in all cases, meaning none of these precipitates corresponded to the coarse and irregular precipitates. EBSP analysis results described above supported the EDX analysis results identifying the coarse and irregular precipitates as M23C6.
Electron backscattered pattern (EBSP) analysis of thermally-aged ODS steels

Mechanism of anomalous microstructure change near metallic Cr inclusions
Chromium has a high affinity with carbon and forms stable carbides. Figure 10(a) shows the C chemical potential as a function of Cr concentration, which was calculated using the Thermo-calc code with the SSOL4 database.
10) The C chemical potential decreased with increasing Cr concentration. Taking into account that solute element diffuses along its chemical potential gradient ® from a high chemical potential area to a low chemical potential area, C should diffuse into the high Cr concentration area around metallic Cr inclusions from the surrounding matrix, thus producing the high Cr and high C concentration area around metallic Cr inclusions. Figure 10(b) indicates the compositions of Cr and C for the case that the chemical potential of C equaled ¹35 kJ/mol, which is the C chemical potential in the matrix far from the metallic Cr inclusions, i.e., the Fe9 mass%Cr 0.1C matrix. This calculation result meant that, for example in the 15 mass%Cr area, it was not until C concentration reached 0.7 mass% that the C chemical potential reached that in the matrix far from the metallic Cr inclusions. A considerable amount of C should be attracted to the vicinity of the metallic Cr inclusion, and sufficient amounts of Cr and C were supplied to M23C6 in the vicinity of the metallic Cr inclusions. Cr and C would diffuse preferentially along grain boundaries compared with intragrain diffusion; M23C6 grew along this diffusion path. This process would produce the pronounced precipitate growth in irregular shape.
Effect of matrix structure on growth of M23C6
Matrix structure and grain boundary character have effects on coarsening of M23C6. For example, precipitation and growth of M23C6 are enhanced at high-energy grain boundaries. Actually, M23C6 around metallic Cr inclusions coarsened more significantly in CR-FC than in CR-NT. In order to investigate the effect of the grain boundary character on precipitation behavior, the fraction of coincidence site lattice (CSL) boundaries having relatively high coherency and low boundary energy was estimated using the software TSL OIM-Analysis 5. The results are shown in Table 4 and they indicated that the fraction of CSL boundaries was roughly 10% in every specimen. Additionally, there was no notable difference in the tilt angle distribution between the FCed specimen and the NTed specimen as seen in Fig. 7 . Indeed, in standard 9Cr-ODS steels, M23C6 size in ST-NT was equivalent to that in ST-FC as seen in Fig. 6 . Though the precipitation morphology in the FCed specimen was stringlike which was different from the granular-like morphology in the NTed specimen, this string-like precipitate was produced by grain boundary precipitation in the course of the £ to ¡ phase transformation in the FC process. These facts led the authors to believe that the matrix structure and grain boundary character were not critical factors contributing to coarsening of M23C6 in CR-FC.
A noticeable difference in the thermally-aged microstructures around the metallic Cr inclusion between CR-FC and CR-NT was that, in CR-FC, the shrinking of the metallic Cr inclusions was observed while it was not observed in CR-NT at all. This fact implied that adhesion between matrix and metallic Cr inclusions in CR-FC was better than that in CR-NT; Cr was more easily supplied to the surrounding matrix from metallic Cr inclusions in CR-FC than in CR-NT. This would be the reason why precipitate growth was more pronounced in CR-FC than in CR-NT. The BSE image of CR-FC in the as-fabricated condition is shown in Fig. 11(a) . It indicated that there was good adherence between metallic Cr and the matrix. In CR-NT (Fig. 11(b) ), large cracks were observed at the interface. The coefficients of linear thermal expansion of Fe and Cr are reported to be 23 © 10 ¹6 (°C ¹1 ) and 11 © 10 ¹6 (°C ¹1 ), respectively. 11, 12) This means that, in the heating process of NT, the Cr-matrix interface was compressed by the Fe-based matrix. Conversely in the cooling process of NT, the interface was subjected to tensile stress, which caused notably large cracks to form at the interface in CR-NT. When FC had a sufficiently slow cooling rate, stress relaxation occurred in the course of the cooling process, thereby suppressing the crack formation. These findings suggested that the presence of metallic Cr inclusions having good adherence with the matrix would be a key factor influencing the anomalous microstructure change. No cracks were observed at the Cr-matrix interface in the premix process 9Cr-ODS steel cladding tube used for BOR-60 irradiation test. 4) This good adherence was produced by the tube manufacturing process, consisting of four-pass 50% cold-rolling and subsequent heat treatment.
2) Therefore, the anomalous microstructure change that occurred in the BOR-60 irradiation test was produced by the combined effect of high-temperature thermal aging and presence of metallic Cr inclusions. Neutron irradiation effect is not a dominant factor for this microstructure change.
Conclusion
In this study, high-temperature thermal aging tests of 9Cr-ODS steels were carried out to reproduce the anomalous microstructure change that occurred in the BOR-60 irradiation test specimens. The mechanism producing this microstructure change was discussed.
(1) Precipitates in normalized-and-tempered 9Cr-ODS steels grew only to a few micrometers at the most even by 750°C thermal aging for 8,000 h. The furnacecooling heat treatment changed the matrix structure from tempered martensite to ¡-ferrite; however, there was no appreciable change in terms of precipitation size after the thermal aging. (2) In the case of normalized-and-tempered 9Cr-ODS steels containing metallic Cr inclusions, the coarse and irregular precipitates were formed near metallic Cr inclusions after 750°C thermal aging for 8,000 h. In the case of furnace-cooled 9Cr-ODS steels containing metallic Cr inclusions, the 750°C thermal aging for 8,000 h produced the pronounced growth of coarse and irregular precipitates, which were equivalent to the anomalous microstructure change seen in the BOR-60 irradiation test specimens. (3) Based on analyses using EDX and EBSP, the coarse and irregular precipitates were identified as M23C6. (4) Metallic Cr inclusions provided a high concentration of Cr to the surrounding matrix. Carbon should be attracted to the high Cr concentration area around these metallic Cr inclusions. In the vicinity of metallic Cr inclusions, sufficient amounts of Cr and C were supplied to M23C6, mainly through grain boundaries, which caused the pronounced coarsening in the irregular shaped precipitates. Neutron irradiation effect is not a dominant factor for this microstructure change.
